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fN| Abstract 

^ [We report on the microwave surface resistance of melt-textured Yi. 6 Ba2. 3^3.307-2 samples, doped with different 
1—5 ■amount of B2O3 and, subsequently, irradiated by thermal neutrons at the fluence of 1.476 x 10 17 cm~ 2 . The microwave 
[surface resistance has been measured as a function of temperature and DC magnetic field. The experimental results 
7— I -are quantitatively discussed in the framework of the Coffey and Clem theory, properly adapted to take into account the 
[d-wave nature of cuprate superconductors. By fitting the experimental data at zero DC field, we have highlighted the 
effects of the induced defects in the general properties of the samples, including the intergranular region. The analysis of 
the results obtained at high DC fields allowed us to investigate the fluxon dynamics and deduce the depinning frequency; 
in particular, we have shown that the addition of B2O3 up to 0.1 wt% increases the effectiveness of the defects to hinder 
the fluxon motion induced by the microwave current. 

Keywords: Depinning frequency, Microwave surface resistance, Thermal-neutron irradiation, B2O3 addition 
PACS: 74.25.Nf, 74.60.Ge, 74.62.Dh 
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1. Introduction 

Since the discovery of high- T c superconductors (HTS), 
different methods have been exploited to introduce pin- 
ning centers that, hindering the fluxon motion, lower the 
energy losses. Two different methods can be used to insert 
defects acting as pinning centers: introduction of normal- 
phase impurities, during the synthesis process, and/or 
damage by irradiation. Many experiments have been per- 
formed to investigate the irradiation effects on electromag- 
netic properties of HTS. Irradiation with protons [J, 13] 
and heavy ions 0, 0, @ involves charged particles that 
strongly interact with the solid matter, producing disloca- 
tions and/or columnar defects. Neutron irradiation may 
give rise to a more homogeneous distribution of defects 
because it involves uncharged particles, which can pen- 
etrate freely into the matter 0, 0, B M- Depending on 
the neutron energy, neutron irradiation creates clusters or 
cascades of point defects randomly distributed into the 
materials, whose dimensions range from few nm to 10 nm 
@, E3, El, EH- The irradiation-induced defects interact 
with the pre-irradiation defect structure either through 
the direct replacement of many point defects by a large 
collision cascade, or by statistical rearrangement of cer- 
tain atoms (mostly oxygen atoms); so, the radiation ef- 
fectiveness depends on the preexisting defect structure in 
the sample [g, E3; EH- In order to enhance the interac- 
tion of incident neutrons with the superconducting ma- 
trix, cuprate superconductors have been doped with ele- 



ments having large neutron-absorption cross sections, such 
as Li [3 E|, B 0, [13 and U [H ED, El EH, or pre- 
normal-phase particles during the syn- 
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Topal et al. Ill 12, 21 1 have investigated the effects of 
thermal-neutron irradiation and B doping in a series of 
melt-textured YBCO samples containing pre-irradiation 
defects due to inclusion in the YBCO- 123 phase of a cer- 
tain amount of non-superconducting YBCO-211 phase, 
present as particles of micrometric dimensions uniformly 
distributed over the sample. In order to introduce B 
atoms, they added B2O3 powder after calcinating the 211 
and 123 phases. Investigating the unirradiated samples, it 
has been shown that the only addition of B2O3 enlarges 
the intergrain regions, weakening conduction links between 
grains and lowering both T c and the critical current den- 
sity, J c 2l|. However, in the same paper, it has been high- 



lighted a reduction of lattice parameters by 0.1-0.2% with 
B2O3 addition up to 0.2-0.5 wt%, suggesting that some 
B atoms substitute copper atoms, probably in the Cu-0 
chains. So, one can infer that part of B atoms resides at 
grain boundaries and the remaining enters in the matrix 
structure of the superconducting grains. This hypothe- 
sis is consistent with the results obtained by Margiani et 
al. [12] and Katsura et al. 

The effects of neutron irradiation on the above- 
mentioned B-doped samples has been investigated by mea- 
suring the field dependence of J c 0, [T3] • The authors ob- 
serve an increase of J r after irradiation more enhanced in 
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the B-doped than in the undoped samples; moreover, the 
effectiveness of neutron irradiation increases on increasing 
the B2O3 content until a threshold value of B2O3 content 
is overtaken 16| , the highest enhancement of J c being ob- 
tained in the sample with 0.1 wt% of B2O3. By investigat- 
ing samples obtained with 10 mol% and 30 mol% of 211 
phase, it has been found that J c does not depend on the 
211 phase content in the unirradiated samples, while the 
increase of J c induced by neutron irradiation is more en- 
hanced in the samples prepared with 30 mol% of the 211 
phase [l3|- These findings strongly suggest that both the 
introduction of the 211 particles and the B2O3 addition 
make the neutron radiation more effective in creating pin- 
ning centers; moreover, they confirm the hypothesis that 
part of the B atoms enters in the superconducting grains. 

In this paper, we investigate the microwave (mw) 
surface resistance, R s , of a series of melt-testured 
Y1.6Ba2.3Cu3. 307-3; samples prepared starting from a 
mixture of 23% YBCO-211 and 77% YBCO-123 phases, 
subsequently doped with different amount of B2O3 and, 
eventually, irradiated by thermal neutrons at the fluence 
of 1.476 x 10 17 cm -2 . Details of the preparation method 
are reported in [lfjj ]. R s has been measured as a func- 
tion of the temperature in the absence of DC magnetic 
field and as a function of the DC magnetic field at fixed 
temperatures. The experimental results are discussed in 
the framework of the Coffey and Clem theory [23] . prop- 
erly adapted to take into account the d-wave nature of 
cuprate superconductors. Firstly, we have investigated an 
undoped and unirradiated sample to check the analysis 
method; successively, we have used the same method to 
quantitatively discuss the effects of B2O3 addition on the 
magnetic-field induced mw losses. 

The mw response of irradiated YBCO samples, mainly 
films, has been investigated by several authors [l|, 0, 0, 
H Hi HI- The studies can be listed in two categories: 
i) investigation as a function of the temperature at zero 
DC magnetic fields 0, Q, HH , in which an important role 
is played by the intergranular medium; ii) investigation 
of SC in the mixed state @, H, Q, Eil , which highlights 
properties related to flux pinning. It has been found that 
proton irradiation does not considerably affect the resid- 
ual surface resistance at low temperatures, while gives rise 
to a decrease of R s at intermediate temperatures due to 
an enhanced impurity scattering rate In the mixed 

state, columnar defects induced by heavy-ion irradiation 
effectively pin the flux lines, and reduce the nonlinear ef- 
fects 0,0, [2^]. To the best of our knowledge, only a few pa- 
pers deal with the mw response of neutron-irradiated HTS 



in the mixed state [lj, ]27( . Ref. [14| reports on results of 
mw absorption in Li-doped YBCO sample; although the 
authors do not discuss the dynamics of fluxons, they high- 
light that the effects of neutron irradiation strongly depend 
on the pre-irradiation defect structure. 

In this paper, we devote the attention mainly to the in- 
vestigation of the mw response in the mixed state since 
mw measurements allow one to conveniently investigate 



the vortex dynamics 28]; indeed they probe the vortex 
response at very low currents, when vortices undergo re- 
versible oscillations and are less sensitive to flux-creep pro- 
cesses. A very important parameter of vortex dynam- 
ics is the depinning frequency, wo, defined as the ratio 
of the restoring-pinning- force coefficient and the flux-line 
viscosity 



29] ; so wq gives direct information of the pinning 



strength [30J, |31| . Our results show that on increasing the 
B2O3 content the depinning frequency increases, demon- 
strating an increase of the pinning effectiveness. 



2. Experimental apparatus and samples 

The mw surface resistance has been investigated in five 
melt-textured Y1.6Ba2.3Cu3. 307-3, samples, doped with 
different amount of B2O3 and, successively, irradiated 
in a TRIGA-MARK-II research reactor (energy ranging 
from few meV to 10 MeV). Irradiation has been per- 
formed with thermal neutrons (~25 meV) of flux den- 
sity 8.2 x 10 12 cm _2 s _1 at the corresponding fluence 
1.476 x 10 17 cm~ 2 . The procedure for the sample prepa- 
ration, doping and irradiation is reported in detail else- 
where [16|. The starting Yi. 6 Ba2.3Cu3.307_ x material 
(unirradicd and undoped) has been prepared to have a 
mixture of 23% YBCO-211 and 77% YBCO-123 phases. 
Figure [T] shows a polarizing microscope image of a portion 
of a specimen obtained after calcination of the two phases; 
different colors indicate different domains. The small par- 
ticles, which are better visible over the red domain, corre- 
spond to 211 inclusions; most of them have dimensions of 
1-2 /xm, except a small part extending up to nearly 10 /zm, 
and are uniformly distributed over the specimen. 




Figure 1: Polarizing microscope image of a portion of a specimen 
obtained after inclusion of YBCO-211 phase into YBCO-123, without 
doping and irradiation; inclusions are visible as dots, better visible 
in the red domain. 
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After calcination, the starting material was powdered 
and divided in four parts; one part was kept boron free 
and the other parts were mixed with a certain amount 
of B2O3 powder. The powders were pressed into pellets, 
subjected to further thermal and annealing process [l6| 
and, subsequently, irradiated with thermal neutrons at 
the same fluence. We have investigated five samples of 
parallelepiped shape, with approximate dimensions: t ~ 
1 mm, w ~ 2 mm, h ~ 3 mm; the one that we indicate as 
Y-00 is obtained from the starting material (without irra- 
diation and doping); a second one (Y-10) is boron free and 
irradiated; the others, Y-ll, Y-12 and Y-13, are obtained 
doping the starting material with 0.05, 0.1 and 0.5 wt% 
of B2O3, respectively, and successively irradiating them at 
the same fluence as sample Y-10. 

The mw surface resistance, R s , has been measured using 
the cavity-perturbation technique [28j j . A copper cavity, of 
cylindrical shape with golden-plated walls, is tuned in the 
TEon mode resonating at u/2ir s» 9.6 GHz. The sample 
is located in the center of the cavity by a sapphire rod, in 
the region in which the mw magnetic field is maximum. 
The cavity is placed between the poles of an electromag- 
net which generates DC magnetic fields up to HoHq w IT. 
Two additional coils, independently fed, allow compensat- 
ing the residual field and working at low magnetic fields. 
A cryostat and a temperature controller allow working ei- 
ther at fixed temperatures or at temperature varying with 
a constant rate. The sample and the field geometries are 
shown in Fig. la; the DC magnetic field, Hq, is perpendic- 
ular to the mw magnetic field, H^. When the sample is 
in the mixed state, the induced mw current, J u , causes a 
tilt motion of the vortex lattice [32[ because of the Lorentz 
force, Fl\ Fig.[5jD schematically shows the motion of a flux 
line. 

The surface resistance of the sample, which is propor- 
tional to the mw energy losses, is given by 



R, = T 



(1) 



1 1 

,Ql Qu , 

where Ql is the quality factor of the cavity loaded with the 
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Figure 2: (a) Field and current geometry at the sample surface, (b) 
Schematic representation of the motion of a flux line. 



sample, Qu that of the empty cavity and T the geometry 
factor of the sample. 

The quality factor of the cavity has been measured by an 
hp-8719D Network Analyzer. All the measurements have 
been performed at very low input mw power; the estimated 
amplitude of the mw magnetic field in the region in which 
the sample is located is of the order of 0.1 /xT. 

3. Experimental results and discussion 

The surface resistance has been measured as a function 
of the temperature, in the absence of magnetic field, and as 
a function of the DC magnetic field, at fixed temperatures. 
We will present and discuss the temperature dependence 
and the magnetic field dependence separately. The results 
obtained at zero DC magnetic field allow us to obtain in- 
formation on general properties of the whole sample, in- 
cluding the intergranular regions. The discussion of the 
results as a function of the DC magnetic field is focused 
to investigate the fluxon dynamics in the superconducting 
grains. 

3.1. Surface resistance at zero magnetic field 

The temperature dependence of the mw surface resis- 
tance obtained in the five samples at Hq — is reported 
in Fig. [3] in the temperature range 77 90 K. In order 
to disregard the geometry factor and compare results ob- 
tained in samples of different, though similar, dimensions, 
we report R S {T) normalized to the near-T c normal-state 
value, R n - 
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Figure 3: Normalized values of the mw surface resistance, R s /R n , 
as a function of the temperature obtained at Ho = for the in- 
vestigated YBCO samples: Y-00 is the undoped and unirradiated 
sample; Y-10 is undoped and irradiated at the neutron fluence of 
1.476 X 10 17 cm" 2 ; Y-ll, Y-12 and Y-13 are doped with 0.05, 0.1 
and 0.5 wt% of B2O3, respectively, and subsequently irradiated at 
the same fluence as sample Y-10. 

The results of Fig. [3] show that the irradiation in the 
B-frce sample causes a T c reduction of about 3 K and a 
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broadening of the R S (T) curve; moreover, looking in detail 
at the low-T region, one can note a shoulder around 79 K 
that suggests the presence of a second superconducting 
phase at low T. Sample Y-ll exhibits nearly the same 
transition temperature as Y-10, but the R S (T) curve does 
not show visible structures, indicating that Y-ll sample is 
more homogeneous. This could be due to the fact that the 
presence of B atoms, having large neutron-absorption cross 
section, makes the irradiation effect more homogeneous 
over the sample. The increase of B2O3 content from 0.05 to 
0.1 wt% causes a reduction of T c of about 1 K, while a high 
B2O3 content (0.5 wt% in Y-13) causes a T c drop of about 
5 K and a large broadening (not fully visible here), which 
suggests a degradation of the superconducting properties 
of the YBCO material. 

In the absence of DC magnetic fields, the variation with 
the temperature of the mw surface resistance is related to 
the temperature dependence of the quasiparticle density. 
In the London local limit, the surface resistance is propor- 
tional to the imaginary part of the complex penetration 
depth of the electromagnetic field, A: 



R s = -Mow Im[A(w,T)]. 



(2) 



In the framework of the two-fluid model, A is related to the 
temperature dependence of the London penetration depth 
and the normal skin depth 



A(w,T) 



1 



2/ 



A2(T) ^( W ,T) 



-1/2 



with 



A 2 (T) = - 



\2 



-w (T) ' 



(3) 



(4) 



(5) 



w (T) ' 

where Ao is the London penetration depth at T = 0, 5o 
is the normal- fluid skin depth at T = T c , wo(T) is the 
fraction of normal electrons at Ho = 0. 

Since the normal-state value of the mw surface resis- 
tance is given by R n = [Aquj6o/2, from Eqs. (2-5) one can 
see that the expected temperature dependence of R s /R n , 
at Ho = 0, depends on the ratio Xo/Sq and wo(T). More- 
over, for inhomogeneous samples containing defects it is 
necessary to consider a residual surface resistance and a 
distribution of T c over the sample. In order to fit the 
experimental data, we have assumed ivq(T) = (T/T c ) 2 
consistently with the results reported in the literature for 
the temperature dependence of the quasiparticle density 



in cuprate superconductors [331 . |34| . I35j , which has been 



ascribed to the d-wave nature of these materials. Further- 
more, we have averaged the expected curve over a Gaus- 
sian distribution function of T c . In order not to include 
the residual surface resistance as additional parameter, we 
have fitted the data imposing that, for each sample, the 
expected curve coincides with the experimental one at the 



lowest temperature investigated; practically, this means 
to fit the temperature- induced variations of R s /R n . The 
only free fitting parameter is Xq/Sq, though also T c q and 
ctt c play a role near the onset of the superconducting tran- 
sition. 

Figure 2] shows the experimental data for the samples Y- 
00, Y-ll and Y-12 along with the best-fit curves obtained 
as above described; to better highlight the different behav- 
ior of R s /R n in the different samples the results have been 
reported as a function of the reduced temperature, T/T° ra , 
where T° n is the temperature value at which R s /R n = 1. 
The best-fit parameters used for the three samples are re- 
ported in Tab. [TJ We have tried to fit also the results ob- 
tained in sample Y-10; for this sample we have obtained 
a good fit only for T ^ 83 K, using parameters similar 
as those used for sample Y-ll, while the low-T behavior 
cannot be justified probably because of the presence of the 
low-T phase. We have leaved out sample Y-13 because it 
is visibly degraded. 
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Figure 4: R s /R n as a function of the reduced temperature, T/T° n , 
at H = for the three YBCO samples: Y-00 (pristine), Y-ll and 
Y-12, along with the best-fit curves (continuous lines) obtained as 
explained in the text. 

Tab. [1] summarizes some properties of the five investi- 
gated samples and reports the parameters used to obtain 
the best-fit curves of Fig. 2] R n is the value of the mw 
surface resistance at T — T°™, which has been determined 
by Eq. (1) considering the geometry factor of the samples. 
From the values of i?„, one can see that also in the normal 
state the sample with the highest B2O3 addition degrades, 
indeed we obtain an increase of about 60% of R n corre- 
sponding to an increase of the normal-state resistivity of 
about 35%. A comparison of the results reported in the 
table, for the samples for which the R S (T) curves have 
been fitted, shows that, besides a variation of the transi- 
tion temperature, the main effect of the B content is to 
increase the ratio Xo/So- 

From the estimated values of R n , one can estimate the 
normal skin depth; in particular, we obtain So ~ 60 /im for 
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Table 1: Characteristic properties of the investigated samples; all the 
samples, except Y-00, have been irradiated at the thermal-neutron 
flucnce of 1.476 X 10 17 cm -2 . T° n is the temperature value at which 
Rs/Rn = 1; T c o, crr c and Ao/<5o are the values used to obtain the 
best-fit curves of Fig. [4] R n is the normal-state value of the surface 
resistance obtained from Eq. (1) at T = T° n . 



samples Y-00, Y-10 and Y-ll, and So ~ 80 /im and 90 /im 
for the samples Y-12 and Y-13, respectively. Although the 
values of 5q are about the same in samples Y-00 and Y- 
11, the ratio \o/5o increases with the addition of B2O3; a 
further increase occurs in sample Y-12. This finding is as- 
cribable to an increase of the effective penetration depth, 
which in granular samples is ruled by the intergrain field 
penetration depth, and is consistent with the observation 
that part of B atoms resides at the grain boundaries re- 
ducing the intergrain Josephson current [2l| . 

3.2. Field-induced variation of Rs 

The field-induced variations of R s have been investi- 
gated at different temperatures. For each measurement, 
the sample was zero-field cooled (ZFC) down to the desired 
value of temperature; the DC magnetic field was increased 
up to a certain value, H max , and, successively, decreased 
down to zero. As an example of the typical behavior, Fig. [5] 
shows the variation of 1/Q of the resonant cavity induced 
by the DC magnetic field, obtained in the sample Y-00 
at T = 77 K. Since the quality factor of the empty cav- 
ity does not depend on Hq, the field-induced variations 
of 1/Q are proportional to the field- induced variations of 
R s . In particular, Fig. [5] has been obtained sweeping Hq 
in successive wider and wider ranges; the inset shows a 
zoom of the first three scans obtained sweeping the field 
from -R m ax to +H max with fM)H max = 1 mT, 10 mT 
and 0.1 T. As one can see, we observe a rapid variation at 
low fields followed by a slower one. 

In single crystals, the DC field value at which R s starts 
to increase coincides with the first penetration field of 
Abrikosov fluxons; on the contrary, in polycrystalline sam- 
ples field variations can occur at lower fields because of the 
Josephson-fluxon penetration in weak links. The initial 
rapid variation of R s of Fig. [5] can be reasonably ascribed 
to weak-link effects; this is corroborated by the presence 
of the magnetic hysteresis observed until H max reaches a 
certain value. Above a certain threshold value of H max 
(0.1 T in the figure), the R S (H) curve becomes reversible 
and the initial variation disappears irreversibly because 
the trapped magnetic flux very likely decouples the weak 
links. 
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Figure 5: Field-induced variations of 1/Q of the resonant cavity as a 
function of the DC magnetic field for the ZFC Y-00 sample, obtained 
sweeping Ho in different ranges. The inset shows the results obtained 
during the first three field scans. 



Results qualitatively similar as those of Fig. [5] have been 
observed in all the investigated samples, except at temper- 
atures very near T c , where the low-field hysteresis is not 
present. Hereafter, first we discuss the results obtained 
in the pristine sample and, subsequently, those relative to 
other samples. 

In Fig.|?J]we report the field induced variations of the mw 
surface resistance for sample Y-00 at different values of the 
temperature (symbols), the continuous lines are the best- 
fit curves obtained as explained in the following. In the 
figure, AR S (H ) = R S {H ,T) - R s (0,T); moreover, the 
data are normalized to ARf ax = R n - R s (0,T). The ex- 
perimental curves reported in the figure refer to the widest 
sweep, after the sample had been exposed to high magnetic 
field and, therefore, when the contribution of weak links is 
taken out. 

The complex penetration depth of the em field in su- 
perconductors in the mixed state has been calculated in 

. Coffey and Clem (CC) 



different approximations [24 



have elaborated a comprehensive theory, in the framework 
of the two-fluid model of superconductivity [24j , under the 
assumption that the induction field, B, is uniform within 
the AC-field penetration depth; so, it is valid for applied 
fields higher enough than the first-penetration field when- 
ever the effects of the critical state can be neglected 



On the other hand, we do not observe magnetic hysteresis 
except in the field range in which the field-induced mw 
losses are mainly due to the presence of weak links. This 
can be ascribed to the fact that in the range of temper- 
atures investigated J c is small enough that the effects of 
the critical state can be neglected. 

In the linear approximation, H u -C Hq, the complex 
penetration depth expected from the CC model is given 
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Figure 6: Field-induced variations of R a at different temperatures 
for sample Y-00. AR S (H ) = R S (H ,T) - R 3 (0,T) and AR™ ax = 
R n —R B (Q, T). The lines are the best-fit curves obtained, as explained 
in the text, using /io-Hc2(0) = 310 T and 7 = 5.8 for all the curves; 
the values of loq/u) are for the three curves at T = 87 K, 86 K, 
83.5 K and 0.7 for the curve obtained at T = 77.3 K. 



by 



X(u,B,T) 



\ 2 (B,T) + (i/2)S2(uj,B,T) 



(6) 



l-2i\*(B,T)/S* f (u,B,T) 

where A and 6 n t depend on B because of the excitation 
of quasiparticles by the DC magnetic field, and 5 V is the 
effective complex skin depth arising from the vortex mo- 
tion. 

S v depends on the relative magnitude of the viscous-drag 
and the restoring-pinning forces. An important parameter 
that determines the regime of the fiuxon motion is the so- 
called depinning frequency, uiq 29]. When u <C Wen the 
fiuxon motion is ruled by the restoring-pinning force. On 
the contrary, for uj 3> loq , the contribution of the viscous- 
drag force predominates and the induced em current makes 
fluxons move in the flux-flow regime, with enhanced mw 
energy losses. In this case, S v — Sj that, in the Bardeen- 
Stephen model [^3, is given by Sf — S \jBjB c2 . In the 
more general case, one has 



f 

5?. 



1 



1 , ■ u °\ 
l + t — 

uj / 



(7) 



Concerning the magnetic- field dependence of A and 6 n f, 
one has to consider the excitation of quasiparticles induced 
by the applied field. This is expected to follow differ- 
ent laws in conventional (s-wave) and in d-wave super- 
conductors. On the other hand, several experimental and 
theoretical investigations on HTS have clearly indicated 
the presence of a line of zeros in the superconducting or- 
der par ameter consistent with the d-wave pairing symme- 
try Hi, [U HI EH . General expressions of X(B,T) and 
d n f(u>, B, T) can be written as 



A 2 (£,T) = 



\ 2 



[l-w (T)]{l-[B/B c2 (T)}<*} 



(8) 



Sl f (u,B,T) 



s_M 

l-[l-w (T)]{l-[B/B ta (T)]°} 



(9) 



where 1 — [B / B C 2(T)] a accounts for the quasiparticle 
excitation induced by the magnetic field. 
In conventional superconductors, where the quasiparticle 
density of state (DOS) comes from the low-energy states 
localized in the vortex cores, a = 1; in superconductors 
with lines of gap nodes, the DOS comes mostly from the 
continuous spectrum concentrated in proximity of the gap 
nodes outside the vortex core and, consistently with the 
calculations of Volovik (42[, one can assume a = 1/2 for 
magnetic fields not close to H c2 . This assumption has 
been used to account for experimental results of field- 
induced mw losses in cuprate superconductors [43|, |44|. 



Contrary to what occurs in conventional superconductors, 
in which the magnetic-field-induced mw losses are mainly 
due to the fiuxon motion, it has been shown that in HTS 
an important contribution comes from the field-induced 
pair breaking, related to the gap nodes and described by 
a \J~B dependence. 

At fixed temperature, the expected field-induced vari- 
ations of R s /R n depend, besides the parameters already 
determined by fitting the data at H = 0, onw , H c2 (T) 
and the first penetration field, H p . Moreover, one has to 
consider the anisotropy of the critical fields because the 
different orientations of the crystallites in the sample play 
an important role in determining the magnetic-field varia- 
tions of R s 45( . H p can be estimated from the decreasing- 
ficld branch of R s (Hq) measuring the field value at which 
R s does not change anymore; however, it does not play 
an important role because in the temperature range in- 
vestigated is small and furthermore the model is valid for 
Ho > 2H p , where B can be considered uniform over the 
sample. Since H c2 is much larger than the maximum field 
we can achieve, except at temperatures very near T c , we 
have measured dH c2 (T) / 8T\t„ and estimated H c2 (0), us- 
ing the WHH formula [46(. Moreover, we have assumed: 



H c2 (T)=H c2Q [l-(T/T c ) 2 } 



(10) 



The H c2 (T) values so obtained coincide with the upper 
critical field of the crystallites oriented with the c-axis 
normal to the DC field. In order to take into account 
the anisotropy, we have assumed that the polycrystalline 
sample is constituted by grains with the c-axis randomly 
oriented with respect to the DC-magnetic-field direction; 
so, the distribution of their orientations follows a sin(6 | ) 
law, being 9 the angle between Hq and c. Furthermore, 
we have used for the angular dependence of the upper crit- 
ical field the anisotropic Ginzburg-Landau relation 



H c2 (0) 



tJj 2 cos 2 (9) +sin 2 (6») ' 



(11) 



where 7 = H^f/H'}% is the anisotropy factor. 

Also the value of H p we estimate experimentally coin- 
cides with the first penetration field of crystallites orien- 
tated with the c-axis normal to the DC field; therefore, 
its dependence on 9 follows the same law of H c i(9) that, 
in the framework of the Ginziburg-Landau theory, is given 
by 



H cl (9) = 



H. 



cl 



s Jcos 2 {9)+ 1 2 sin 2 ((9) 



(12) 



Finally, we have used the following approximate expres- 
sion for the induction field 



B = /*, 1 



H r 1 — H r 



(H — Hp) . 



(13) 



In summary, the free parameters to fit the R s (Hq) curves 
at fixed temperature are wo and 7. Furthermore, it is nec- 
essary to find H C 2o, letting it vary within the experimental 
uncertainty, because the measured value of dH C 2(T) /dT\x c 
is determined with an experimental uncertainty of about 
20%. 

To fit our data, we have tried to use Eqs. ((SJ and (0) with 
a = 1, but this attempt did not give good fits, no matter 
the parameters used; also, by disregarding the anisotropy 
we did not get good results. For this reasons, we have set 
a = 1/2 and averaged the expected curves using the same 
distribution function of T c discussed in Section 3. 1 and the 
sin(#) distribution function for the orientation of the crys- 
tallites with respect to the DC magnetic field. However, 
we would like to remark that the averaging procedure for 
taking into account the distribution of T c over the sample 
does not affect the theoretical results except at tempera- 
tures very near T c . 

In order to fit the experimental data of Fig. [51 we have 
used the following procedure. Firstly, we have fitted the 
results obtained at T = 87 K, taking and 7 as pa- 

rameters and setting w = in Eq. ©; this is reasonable 
because at temperatures very near T c one can suppose flux- 
ons move in the flux-flow regime. In this way, we have 
obtained 7 = 5.8 ± 0.1 and = 310 ± 10 T, consis- 

tently with the values reported in the literature for YBCO. 
Maintaining the same values of H^r 2 % and 7, we have fitted 
the data at the other temperatures taking ujq/uj as pa- 
rameter. The best-fit curves reported in Fig. [5] have been 
obtained with uj q /lu = for T = 87 K, 86 K and 83.5 K, 
and wo/w = 0.7 for T = 77.3 K. As one can see, the ex- 
perimental results obtained in sample Y-00 arc quite well 
justified in the framework of Coffey and Clem theory pro- 
vided that the anisotropy of the critical fields is taken into 
the due account and that the excitation of quasiparticles 
induced by the applied field is assumed to depend on \f~B, 
according with the d-wave model for cuprate superconduc- 
tors. The analysis of the results of Fig. [5] shows that in 
a range of temperature of at least six degrees below T c 
fluxons move in the flux- flow regime; i.e., the restoring- 
pinning force is ineffective to hinder the fluxon motion 



induced by the mw current. At T = 77.3 K, we obtain 
wo/27r 1=3 6.7 GHz consistent with the values reported in 



the literature 3(1 47 , |48j , though these studies have been 
done mainly in YBCO films and crystals. 

The procedure used to fit the R s (Hq) curves of sam- 
ple Y-00 has been repeated to fit the experimental data 
obtained in the samples Y-ll and Y-12. In Fig. we 
report the results obtained in sample Y-ll at different 
temperatures; symbols are the experimental data, contin- 
uous lines are the best-fit curves. By fitting the data at 
T = 82.9 K, setting u>o = 0, we have obtained 7 = 5.4±0.1 
and Moff^o = 310±1Q T. The best-fit curves at T = 81.2 K 
and T = 77.8 K have been obtained maintaining the same 
values of HqH^£ q and 7 and using ojq/uj as parameter. The 
values of loq/lj that best fit the experimental data are 
wq/cj = for T = 81.2 K and uj q /uj = 0.5 for T = 77.8 K. 
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Figure 7: Field-induced variations of R s at different temperatures for 
sample Y-ll. The lines are the best-fit curves obtained, as explained 
in the text, using (j,oHc2{0) = 310 T and 7 = 5.4 for all the curves; 
the values of u> /u) arc for the curve at T = 82.9 K and T = 81.2 K, 
0.5 for the curve obtained at T = 77.8 K. 

Fig. [5] shows the field-induced variations of the mw sur- 
face resistance for sample Y-12 at different values of the 
temperature (symbols), the continuous lines are the best- 
fit curves obtained using the same procedure as samples 
Y-00 and Y-ll. For this sample, by fitting the data at 
T = 82.4 K, setting u>o = 0, we have obtained 7 = 5.0±0.1 
and Mo-ff c io = 250 ± 10 T - The best-fit curves at lower T 
have been obtained with the same values of 7 and HqH^q 
and with luq/uj = 0.6 for T = 80.5 K and ujq/uj = 1.5 for 
T = 77.3 K. 

By looking at the curves obtained in the three samples 
at T/T c = 0.97, in which the flux-flow regime has been 
hypothesized, one can note that the normalized values of 
the field-induced variations of R s increase on increasing 
the B2O3 content; this is essentially due to the higher val- 
ues of Xq/Sq that, in turn, determine an increase of the 
mw-field penetration depth and enhance the field-induced 
pair- breaking effects. The effects of Xo/^o on the expected 
results has been verified by numeric calculation. 



7 



0.7 
0.6 
0.5 



% 0.4 



E- 0.3 



01 



0.2 
0.1 



0.0 



1 1 1 


1 ' 

T/T on 


I 1 I 1 I 


- a T = 82.4K 
. o T = 80.5K 
□ T = 77.3K 


(0.97) 

(0.95) 
(0.91) 








sample Y-1 2 










I 


I.I.I 



0.0 



0.2 



0.4 0.6 

M,H (T) 



0.8 



1.0 



Figure 8: Field-induced variations of R s at different temperatures for 
sample Y-12. The lines are the best-fit curves obtained, as explained 
in the text, using HoH c 2(Q) = 250 T and 7 = 5 for all the curves; 
the values of uio/u> are for the curve at T = 82.47 K, 0.6 for the 
curve obtained at T = 80.5 K and 1.5 for the that at T = 77.3 K. 



The analysis of the experimental R s (Hq) curves high- 
lights that the range of the reduced temperature in which 
fluxons move in the flux-flow regime shrinks on increas- 
ing the B2O3 addition. In particular, we have obtained 
nearly the same depinning-frequency value in sample Y-00 
at T/T° n = 0.86, in sample Y-1I at T/T° n = 0.91 and in 
sample Y-12 at T/T° n = 0.95. Moreover, by comparing 
the results obtained in samples Y-ll and Y-12, which are 
reported at the same values of T/T° n , one can see that 
the depinning frequency at T/T° n = 0.91 in sample Y-12 
is three time larger than that obtained in sample Y-ll. 
This confirms that the effectiveness of the defects induced 
by the combined effect of the thermal-neutron irradiation 
and B doping on pinning the fluxons increases on increas- 
ing the B2O3 addition. 

Our results show that samples Y-00 and Y-ll have the 
same upper critical field, this is consistent with the fact 
that they have nearly the same value of R n and, there- 
fore, the same normal-state resistivity, p; it means that 
the defects created in the sample with the 0.05 wt% of 
B2O3 addition are unable to affect neither the electron 
time scattering nor the carrier density. On the contrary, 
the increase of R n of Y-12 implies that the induced defects 
give rise to an increase of p of about 10%. In conventional 
SC, an increase of p is related to an increase of H C 2 because 
on increasing the defect density the mean free path reduces 
affecting the coherence length and, consequently, H C 2- On 
the contrary, in HTS it has been found that on increas- 
ing the defect density, p increases and \dH C 2{T) / 3T\t c de- 
creases . This finding has been ascribed to a reduction 
of the charge carries due to an increase of the defect den- 

SET 



22, 23 



sity. On the other hand, several authors 
have suggested that dopants as Li and B can substitute 
Cu atoms in the Cu-0 chains, breaking their continuity 
and, consequently, reducing their ability to transfer holes 



to the superconducting Cu02 planes. So, the p increase 
associated to the H C 2 decrease, we obtained in Y-12, may 
be due to the defect-induced reduction of carrier density. 

Another effect of the B2O3 addition is to reduce the 
anisotropy factor, which goes from 5.8 in the pristine sam- 
ple to 5 in sample Y-12. This finding agrees with the 
observation that on increasing the defect concentration 
anisotropy reduces 0, [HI EH EM Eil ; it may be ascribed 
to creation of point defects randomly distributed over the 
sample, and/or to change in the oxygen stoichiometry that 
is consistent with the T c reduction. 



4. Conclusion 

We have measured the microwave surface resistance of 
melt-textured Yi.gBa2. 30^.307-3; samples, doped with 
different amount of B2O3 and, subsequently, irradiated by 
thermal neutrons at the fluence of 1.476 x 10 17 cm -2 . The 
mw surface resistance, R s , has been measured, at Hq = 0, 
as a function of the temperature and, at fixed tempera- 
tures, as a function of the DC magnetic field. The exper- 
imental results have been discussed in the framework of 
the Coffey and Clem theory, properly adapted to take into 
account the d-wave nature of the cuprate superconductors. 
In particular, the excitation of quasiparticles induced by 
the temperature has been supposed to vary quadratically 
with the temperature and that induced by the magnetic 
field to follow the \f~B law. We would like to remark that 
all the attempts done without the above conditions failed; 
this confirm that the d-wave nature of YBCO material 
strongly affects the mw energy losses. Moreover, it has 
been necessary to consider the anisotropy of the critical 
fields, and the distribution of T c over the samples due to 
the inhomogencity of the polycrystalline samples. 

We have found that the defects induced by the combined 
effects of the neutron irradiation and the B doping affect 
both the temperature and magnetic-field dependencies of 
R s - By fitting the R S (T) curves, at Hq = 0, we have found 
that the main effect of the increase of the B2O3 content 
is that to enlarge the effective field penetration depth. By 
fitting the data of the magnetic-field-induced variations 
of i? s , we have determined the depinning frequency, at 
different temperatures, which is a gauge of the effectiveness 
of the defects to hinder the fluxon motion induced by the 
mw current. We have found that the depinning frequency 
increases on increasing the B2O3 addition, confirming the 
increase of the pinning strength. However, a high B2O3 
content such as 0.5 wt% degrades the material properties 
in both the superconducting and normal states. 
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